Dry eye has gained recognition as a public health problem given its prevalence, morbidity, and cost implications. Dry eye can have a variety of symptoms including blurred vision, irritation, and ocular pain. Within dry eyeassociated ocular pain, some patients report transient pain whereas others complain of chronic pain. In this review, we will summarize the evidence that chronicity is more likely to occur in patients with dysfunction in their ocular sensory apparatus (ie, neuropathic ocular pain). Clinical evidence of dysfunction includes the presence of spontaneous dysesthesias, allodynia, hyperalgesia, and corneal nerve morphologic and functional abnormalities. Both peripheral and central sensitizations likely play a role in generating the noted clinical characteristics. We will further discuss how evaluating for neuropathic ocular pain may affect the treatment of dry eye-associated chronic pain.
Introduction
Per the Definition and Classification Subcommittee of the International Dry Eye WorkShop (DEWS), dry eye is 'a multifactorial disease of the tears and ocular surface that results in symptoms of discomfort, visual disturbance, and tear film instability with potential damage to the ocular surface. It is accompanied by increased osmolarity of the tear film and inflammation of the ocular surface.' 1 Beyond the eye, the disorder also involves the Lacrimal Functional Unit, 2 consisting of the ocular surface, the main lacrimal gland, and the interconnecting innervation.
Population-based studies in various US cities have utilized questionnaires (different questionnaires for different studies) to evaluate the frequency of dry eye, with an estimated prevalence of B15%. [3] [4] [5] [6] [7] Similar studies conducted in several countries around the world including Germany, 8 Australia, 9, 10 Japan, [11] [12] [13] [14] India, 15 Thailand, 16 and Indonesia 17 have resulted in similar prevalence estimates. As summarized in the DEWS report, the prevalence of dry eye is most likely in the range of 5-30% of the population aged Z50 years. 18 Dry eye complaints are dominated by various symptoms including blurred vision, irritation, and pain (eg, burning, aching); collectively causing great morbidity. Symptoms associated with dry eye are a leading cause of visits to optometry and ophthalmology clinics and its treatment has significant cost implications. 19, 20 Dry eye adversely affects quality of life as its symptoms interfere with daily activities such as driving, working, reading, and watching television. 21 In a similar manner, studies using the Impact of Dry Eye on Everyday Life (IDEEL) questionnaire have found that dry eye negatively affects social, physical, and mental functioning. 22, 23 Currently, clinicians split dry eye into two main categories: aqueous deficiency and evaporative, as reviewed in the Definition and Classification DEWS report. 1 Dry eye treatments are generally geared toward improving these tear film components based on a long-standing paradigm that tear dysfunction underlies dry eye symptoms. Aqueous deficiency is typically addressed with tear replacement therapy and punctal occlusion, whereas evaporative dry eye is managed with lid hygiene and topical and/or oral antibiotics (used for nonantibiotic properties such as their anti-inflammatory effects 24 ). In common to both, anti-inflammatory agents are often used (for varying durations) to treat the inflammatory component of dry eye.
Although several studies have reviewed that neurosensory dysfunction can be a component of dry eye symptoms in some patients, 25, 26 this aspect of dry eye is not routinely tested for (or treated) in the clinical setting. A better understanding of the neuropathophysiology underlying dry eye pain will facilitate the development of novel therapies that can target these mechanisms. This review will summarize research findings on neurosensory dysfunction in dry eye and discuss how they may affect the diagnosis and treatment of dry eye pain.
Methods
A PubMed search was conducted using the terms 'dry eye' AND 'nociceptive pain', 'neuropathic pain', 'sensitivity', 'hyperalgesia', 'allodynia', 'aesthesiometer', 'esthesiometer', 'quantitative sensory testing', 'environment', 'transient receptor potential (TRP)', 'neuropeptides', and 'genetics'. All searches were limited to the English language. Articles were excluded if they studied ocular pain associated with trigeminal neuralgia, contact lens use, or acute injury (eg, refractive surgeryrelated dry eye). All eligible articles were reviewed and summarized.
Dry eye as a pain disorder
Pain, as defined by the International Association for the Study of Pain (IASP), is 'an unpleasant sensory and emotional experience associated with actual or potential tissue damage, or described in terms of such damage'. 27 Based on this definition, some patients with dry eye (depending on their symptoms) have pain. Within the group with pain, some patients have transient pain, whereas others have persistent symptoms and a more chronic disease course (typically defined as symptom duration of 43-6 months).
Pain disorders are broadly grouped into two categories: nociceptive pain and neuropathic pain, and both may be involved in dry eye. Nociceptive pain is usually transient and a result of tissue damage and inflammation. 28 In the case of dry eye, various insults may lead to ocular surface damage including infection, inflammation, trauma, adverse environmental conditions, abnormal ocular anatomy, and high tear osmolarity. Neuropathic pain is defined as 'pain arising as direct consequence of a lesion or disease affecting the somatosensory system' and is more likely to be chronic. 29 In dry eye, the inciting factors for nociceptive and neuropathic pain may be the same but the difference is that these stimuli can lead to transient or persistent changes in the phenotype of sensory neurons. 28 The ocular sensory apparatus: primary nociceptors and secondary and tertiary neurons
The cornea is innervated by branches of the nasociliary nerve, a branch of V1 (ophthalmic division of the trigeminal nerve). Nerve bundles enter the peripheral cornea in a radial manner and lose their myelin sheath B1 mm from the limbus. 30 The nerves continue to branch and eventually turn 90 degrees and proceed to the corneal surface. 30, 31 The unique location of the free corneal nerve endings between the cells of the superficial epithelium, very near to the ocular surface, places them in a vulnerable position to repeated damage from environmental exposures (evaporation, pollution, and so on). 26 As reviewed by Rosenthal and Borsook, 26 different types of nociceptor (pain) fibers are found within the cornea including mechanoreceptors (B20% of total sensory population), polymodal receptors (B70% of total sensory population), and cold receptors (B10% of total sensory population). As reviewed by Belmonte and Gallar, 32 mechanoreceptors are the fastest conducting nociceptors whose peripheral endings are activated by mechanical forces. They are responsible for the sharp pain, experienced when an object touches the cornea or conjunctivae. Polymodal nociceptors are activated by mechanical forces, but also by other stimuli like heat, acidic/basic conditions, and chemicals. Cold thermoreceptors are the most recently described fibers responding to a reduction in temperature (eg, evaporative cooling, cold). 32, 33 Transient receptor protein (TRP) channels are found in the terminal cell membranes of nociceptors and are responsible for detecting these various stimuli. For example, TRPV1 channels detect a variety of noxious stimuli including abnormal pH, heat, and chemicals. 34 TRPM8, on the other hand, detects small temperature drops on the ocular surface and is thus able to sense evaporative changes in the tear film. 35 In this manner, this channel is believed to be involved in regulating basal tearing. In mice lacking TRPM8 channels, cold thermoreceptors did not fire spontaneously and did not increase their firing rate with temperature drops. These mice had abnormally low basal tearing but normal tearing in response to other noxious stimuli. A similar correlate was found in healthy volunteers who displayed decreased tearing at 43 1C compared with 18 and 25 1C (n ¼ 11). 35 Corneal nociceptors have their primary cell bodies in the trigeminal ganglion and first synapse in the trigeminal subnucleus interpolaris/subnucleus caudalis (Vi/Vc) transition zone, and in the subnucleus caudalis/ upper cervical transition zone (Vc/C 1-2 ) (Figure 1) . 36, 37 From the spinal trigeminal nuclear complex, secondorder axons decussate and join the contralateral spinothalamic pathways and synapse in the thalamus. Third-order neurons then relay information to the supraspinal centers, including the somatosensory cortex. Perception of pain is also simultaneously modified by descending pain pathways. 28 Signals are transmitted from the limbic system and midbrain through the periaqueductal grey to the brainstem, where signals are modulated, and then continue back to the trigeminal subnucleus caudalis.
The above schema is an undoubtedly simplified version of the ocular sensory apparatus. For example, dry eye patients report a variety of ocular complaints when describing their symptoms including burning, aching, dryness, grittiness, irritation, and itch. It is likely that different sensations are transmitted through slightly different pathways. For example, in rats subjected to ultraviolet irradiation-induced photokeratitis, hypertonic saline-evoked activity of ocular neurons in the Vc/C 1 junction was enhanced after 2 days, but a similar correlate was not seen in the Vi/Vc transition region. 38 This suggests that the Vc/C 1 region is important in pain sensation. In contrast, drying of the ocular surface affected neurons in the Vi/Vc transition as opposed to the Vc/C 1 junction. 39 In a similar manner, the ocular sensation of itch has been postulated to also go through the Vi/Vc junction, as reviewed by Stapleton et al. 34 In addition, sensory nerves also innervate the conjunctiva and eyelid margins and these nerves also likely play a role in dry eye-associated ocular pain. However, less information is available on their morphology and functions. 34 Environmental conditions, inflammation, and their effect on peripheral corneal nerves
Environmental conditions
Many environmental conditions can activate corneal nociceptors and thereby produce dry eye symptoms. Experimentally, the controlled adverse environment (CAE) model has been used both as a screening tool to identify patients susceptible to environmental insults and as a diagnostic tool to test various dry eye therapeutics. 40 For example, 19 dry eye patients and 20 controls were exposed to low humidity for 2 h in the CAE. After exposure, both dry eye patients and controls had significant ocular surface alterations including increased corneal staining, decreased TBUT, and increased matrix Figure 1 A simplified version of the ocular sensory pathway. First-order neuron (solid line) with nerve ending in the cornea, cell body in the trigeminal ganglion, and synapse in the subnucleus caudalis. In actuality, however, there are multiple synapses for each nociceptor in the trigeminal subnucleus interpolaris/subnucleus caudalis (Vi/Vc) transition zone, and in the subnucleus caudalis/ upper cervical transition zone (Vc/C 1-2 ). Second-order neurons (dashed line) decussate and join the contralateral spinothalamic pathways and synapse in the thalamus. Third-order neurons (dashed line) then relay information to the supraspinal centers, including the somatosensory cortex. Reproduced with permission from Rosenthal and Borsook. 26 Eye metalloproteinase-9 (MMP-9) tear levels. 41 In another study by the same group, similar findings were seen after 20 dry eye patients were exposed to a CAE simulating an in-flight airplane cabin for 2 h. 42 Environmental factors such as high altitude, 43 wind, 15 air pollution, 15, 44 volcanic eruption, 45 dust, 46 and chemicals 47, 48 have also been associated with transient and/or chronic dry eye. In our study of 3.41 million patients seen in 394 Veteran Affairs (VA) eye clinics within the continental United States, we found that several environmental factors were significantly associated with the risk of a dry eye diagnosis. 49 Among these, air pollution and atmospheric pressure emerged as the most significant predictors. For example, veterans in Chicago and New York City were three to four times more likely to be diagnosed with dry eye as compared with less urban areas with relatively low concentrations of aerosol optical depth (a surrogate marker of air pollution) such as Ukiah (CA, USA).
Inflammation
Adverse environmental conditions and local abnormalities, such as eyelid malposition, may lead to ocular surface damage. This damage to epithelial cells and nociceptors can lead to the release of various inflammatory mediators, such as adenosine triphosphate, prostaglandins (PGs), and substance P, and cause immune cell infiltration (Figure 2) . 28 In fact, elevated levels of PGE 2 have been found in the tears of dry eye patients as compared with controls. 50 Similarly, mice subjected to adverse environmental conditions also displayed higher cyclooxygenase 2 (COX2) and PGE synthase mRNA levels on the ocular surface. 50 In line with immune cell recruitment, T cells have been found in the conjunctivae 51 and elevated levels of inflammatory cytokines have been found in the tears of dry eye patients. 52, 53 Specifically, tear levels of IL-2, IL-4, IL-5, IL-6, IL-8, IL-10, IL-17, and tumor necrosis factor-a (TNF-a) have been found to be elevated in dry eye compared with control subjects. 52, 53 Environmental stress can also lead to an increase in reactive oxygen species. For example, oxidative stress-induced lipid peroxidation was increased on the conjunctivae of Sjogren's patients as assessed by detection of hexanoyl-lysine (HEL) and 4-hydroxy-2-nonenal (4HNE) protein adducts. 54 Furthermore, corneal epithelial damage may upregulate nerve growth factor (NGF) and decrease calcitonin generelated peptide (CGRP) levels. [55] [56] [57] Finally, MMP-9 levels have been shown to increase in the tears of dry eye patients. 58, 59 In addition to pro-inflammatory mediators, there are anti-inflammatory mediators, such as those derived from omega 3 and 6 fatty acids (ie, resolvins and 60 ), and the presence of both pro-and antiinflammatory mediators are likely important in regulating the signs and symptoms in dry eye.
Peripheral sensitization
The above inflammatory environment, along with other stresses such as hyperosmolarity, 61 can affect the function of nociceptors with alterations in ion channel activity (increased sodium and calcium currents at the nociceptor terminal) through changes in gene expression and transcription, as reviewed by Pergolizzi et al 28 and Costigan et al. 62 The resultant phenotypic change of reduced activation thresholds and increased excitability is termed peripheral sensitization ( Figure 3 ). Peripheral sensitization can be reversed after resolution of the inciting stress and normalization of ocular surface inflammation ( Figure 2 ). As noted, a few molecules including resolvins and protectins have been found to promote active receptor-mediated resolution of inflammation. 60 In fact, various animal and human studies have shown that omega 3 fatty acids (from which resolvins and protectins are derived) improved symptoms, signs, and inflammation associated with dry eye. [63] [64] [65] [66] [67] This effect is likely mediated through the biosynthetic process of omega fatty acids to resolvins and protectins. For example, neuroprotectin D1 (a product of docosahexaenoic acid (DHA)) was found to be as effective as DHA itself in improving corneal sensitivity and tear production and decreasing neutrophil infiltration after experimental nerve injury. 68 Similarly, resolvin E1 (a product of eicosapentaenoic acid (EPA)) protected the ocular surface from adverse environmental conditions in mice with decreased staining and maintenance of goblet cell density. 69 In the same model, resolvins decreased COX2 expression and inflammatory cells infiltrates. 70 Resolvins also interacted with cytokines by blocking TNF-a-mediated effects in salivary gland tissue. 71 Importantly, the regulation of pro-resolving mediators appear to be influenced by neuronal functioning and may be reduced after neuronal injury and dysfunction associated with a reduction in Netrin-1 affecting resolvin D1 production. 72 Figure 3 (a) Normal nociceptor response to a noxious stimulus is shown. (b) Neuroplasticity in the first-order neuron (peripheral sensitization). In the absence of a stimulus, the cell body and terminal end of the first-order neuron display spontaneous activity that translates into pain sensation. (c) Neuroplasticity in the second-order neuron (central sensitization). In the absence of a stimulus, the cell body of the second-order neuron displays spontaneous activity that translates into pain sensation.
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Central sensitization and chronic dry eye symptoms
If ocular surface damage persists, or if the inflammatory cascade is not dampened, changes may occur in the central nervous system (CNS) and produce central sensitization (Figure 3 ). This is defined as pain hypersensitivity that may arise from reduced activation thresholds and abnormal signaling amplification within the CNS. 28 The hallmark of central sensitization is pain that is disconnected from ongoing peripheral pathology. This is commonly seen in dry eye as patient symptoms often do not mirror ocular surface findings. 73 The process of central sensitization may also initially be reversible, but it often becomes permanent (Figure 4) .
Although the mechanisms are not fully understood, central sensitization in nonocular pain conditions is frequently associated with the comorbidities depression and anxiety. 74 A similar correlate has been described in dry eye as patients with depression and posttraumatic stress disorder (PTSD) were found to have a twofold increased risk of a dry eye diagnosis compared with patients without these diagnoses. 75, 76 Furthermore, evidence for a discordance between dry eye symptoms and peripheral pathology comes from findings that patients with PTSD and depression complained of more symptoms but had similar tear film parameters compared with patients without depression or PTSD. 77 Others studies in Asian populations have described similar relationships between depression and dry eye. [78] [79] [80] Hypersensitivity to other stimuli and the development of diffuse pain states can also be seen with central sensitization, 74 and again these features have been described in dry eye. Data from the national VA database demonstrated that patients with chronic pain diagnoses (ICD-9 codes 338.29, 724.2, 724.5, 338.4, and 338.28) were 1.9 times more likely to carry a dry eye diagnosis compared with their counterparts without chronic pain (odds ratio (OR) 1.89, 95% confidence interval (CI) 1.88-1.90). In addition, fibromyalgia (ICD-9 code 729.1) imparted a twofold increased risk for dry eye (OR 1.96, 95% CI 1.94-1.98) whereas migraine (ICD-9 code 346) imparted a 1.4-fold increased risk (OR 1.37, 95% CI 1.35-1.38) (A Galor et al, unpublished data). Additional support for the presence of central sensitization in some dry eye patients comes from a study of 1635 female twin volunteers in the United Kingdom. Patients with dry eye had higher pain sensitivity at a remote site (forearm) than those without the disease. 81 These clinical data demonstrating abnormal functional responses to nonocular stimuli suggest heightened systemic pain sensitivity, consistent with central sensitization.
Similar to peripheral sensitization, changes in ion channel expression and function, levels of mediators, cytosolic signaling, and other factors underlie these phenotypic changes. 62, 82, 83 As above, the anatomy of the ocular sensory apparatus lends biologic plausibility to the idea of central sensitization in dry eye. The first synapse of the ocular sensory apparatus occurs in the Vi/Vc zone, and specific dry-responsive projection neurons have been identified in this area. A subset of these neurons receive additional converging input from corneal primary afferents sensitive to protons, heat, and chemicals. 37 Therefore, projection neurons in the transition zone integrate innocuous as well as noxious sensory information from the eye, and may constitute the neurophysiological substrate of central sensitization. In fact, the Vi/Vc transition zone is a well-recognized area involved in the generation and maintenance of hyperexcitability and central sensitization. 84 Genetic predisposition may affect the dry eye phenotype by influencing ocular sensory apparatus function and/or the inflammatory cascade Genetic polymorphisms are well known to affect neuronal function and inflammation, and are therefore likely to modulate the clinical presentation of dry eye and affect its severity. Although there are only a few reports on genetic polymorphisms and symptoms of dry eye, substantial research supports the fact that relatively Figure 4 A simplified model of chronic dry eye development. Dry eye symptoms arise after an environmental insult, inflammation, and hyperosmolarity activate nociceptors (nociceptive pain). Typically, as in scenario a, the insult and inflammation resolve along with the dry eye symptoms. In susceptible patients, however, or in patients with ongoing insults, chronic changes can occur in the peripheral and central nervous system and lead to chronic dry eye symptoms (scenario b). Although the approach to patients in each category should differ, current dry eye measures do not incorporate ocular sensory apparatus function in their diagnosis or treatment algorithms. common inherited genetic polymorphisms underlie individual differences in pain perception, 85 pain-related behaviors, and the development of persistent pain syndromes. 86, 87 For example, COMT (catechol-O-methyl transferase) is an important gene whose functional variants have been described in over 100 publications and 30 reviews. COMT variants are associated with various forms of pain including neuropathic pain, musculoskeletal pain, fibromyalgia, temporomandibular disorder (TMD), headache, and postsurgical pain. [88] [89] [90] [91] [92] [93] Importantly, COMT alleles also predict pain severity. 94 Furthermore, individuals homozygous for the COMT Val158Met variant consistently demonstrate psychological dysfunction associated with their chronic pain. 95 Given the role of inflammation and dry eye, it is interesting that polymorphisms in the proinflammatory cytokine genes IL-1b (rs1143634) and IL-6R (rs8192284) were recently reported to be associated with nonSjogren's dry eye symptoms in a Korean population. 96 This finding makes intuitive sense, as having a genetic propensity for inflammation can profoundly influence neuroplasticity and contribute to neuronal dysfunction and neuropathic pain. [97] [98] [99] With only limited information available, more research is needed on genetic susceptibility to dry eye and the acute-to-chronic pain transition as well as epigenetic alterations that may be associated with the severity and persistence of symptoms.
Neuropathic ocular pain and implications for dry eye diagnosis
As above, neuropathic pain is more likely to be chronic, difficult to treat, and therefore important to distinguish in dry eye patients. Unfortunately, the presence of neuropathic ocular pain is not currently evaluated when assessing dry eye patients. This information is important as identifying patients with a neuropathic component to their dry eye symptoms may affect subsequent treatment. The easiest way to assess for neuropathic ocular pain is with the use of questionnaires. Although self-reported measures cannot definitely diagnose the presence of neuropathic pain, some clues can be obtained through a careful history. Unfortunately, most currently used dry eye questionnaires, such as the Ocular Surface Disease Index (OSDI) and Dry Eye Questionnaire 5 (DEQ5), 100 do not capture this important dimension of dry eye. For example, pain descriptors are often different in patients with neuropathic vs nociceptive pain, with neuropathic pain often described as a burning, tingling, or electric pain. 28 Asking patients to describe their corneal pain using well-established metrics 101, 102 may be a low-cost, first-line approach to identifying features of neuropathic pain in dry eye. Other features that suggest the presence of neuropathic pain include the presence of spontaneous pain and exaggerated pain response to normally nonnoxious stimuli (such as photoallodynia) and to suprathreshold noxious stimuli (such as hyperalgesia to wind).
Investigator-assessed features are more difficult to measure in dry eye as there are few commercially available instruments that can assess ocular sensory apparatus function in humans. Cochet-Bonnet aesthesiometery has been applied to dry eye and has demonstrated lower sensitivity to mechanical stimuli in dry eye patients. 103, 104 The Belmonte aesthesiometer, a more robust instrument that can measure sensitivity to mechanical (air flow), chemical (CO 2 ), and cooling stimuli, is unfortunately not commercially available. In those groups with such an instrument, most have found decreased sensitivity to all three stimuli in dry eye patients. 105, 106 However, some groups have found higher sensitivity to air flow in dry eye patients, 107, 108 representing a different disease subtype or patients at different points on the disease continuum. Commercially available confocal microscopy units have identified that some dry eye patients have neuronal alterations in the corneal subbasal plexus structures. 104, 106, 109, 110 Dry eye patients, in general, have lower subbasal nerve density, 104, 106 and some also display abnormal nerve morphology including increased tortuosity and beading. 110 Although not definitive, the findings of abnormal sensitivity and morphology in patients with chronic symptoms would suggest the presence of neuropathic pain.
Neuropathic ocular pain and implications for dry eye treatment
Understanding the neuropathology of dry eye will be important in developing alternative approaches to treating the disorder. The above data suggest that patients with evidence of neuropathic pain and central sensitization may be the patients who continue to have dry eye symptoms while on current therapies. In these patients, a multimodal approach may be more beneficial including treating ongoing ocular surface damage with ocular surface protection and anti-inflammatory agents, and ocular sensory apparatus dysfunction with antineuropathic pain treatment. Other untested therapies for dry eye include glial inhibitors, anti-inflammatory cytokines, and/or NMDA receptor inhibitors, all of which have been shown to attenuate facial painmediated via central mechanisms potentially common to those of dry eye. [111] [112] [113] With many agents available to treat neuropathic pain, research is needed to understand Systemically, there is still controversy on the best management algorithm for patients with neuropathic pain, and this may vary depending on pain severity, underlying pathophysiology (eg, postherpetic neuralgia (PHN), diabetic polyneuropathy), and systemic comorbidities. Our general algorithm for nonocular neuropathic pain includes the use of the novel alpha 2 delta ligand antiepileptics (eg, gabapentin; pregabalin) as first-line agents, serotonin-norepinephrine reuptake inhibitors (eg, duloxetine; venlafaxine) as second-line agents (or as first-line agents in certain patients, such as those with concomitant musculoskeletal pain or with concomitant depression), and tricyclic antidepressants (eg, nortriptyline, amitriptyline) as third-line agents because of their side effects. Combination therapies (antiepileptics and antidepressants) are also frequently used in cases where monotherapy provides only partial relief. In addition, depending on pain severity, opiods (eg, tramadol) can be used in selected patients, in conjunction with the therapies above. Topical agents (lidocaine and capsaicin) are also used even as first-line therapies or as parts of multimodal therapies or in specific conditions such as in the treatment of PHN. Short courses of corticosteroids or other anticonvulsants (topiramate, lamotrigine, carbamazepine, and so on) may be used in specific circumstances. More aggressive measures (eg, nerve blocks, spinal cord stimulation) are used in patients who have failed conservative therapy or if there are specific indications, such as for neuropathic pain localized in the area of innervation of a specific nerve and related to neuropathy of that nerve (eg, sympathetically maintained arm pain treated with stellate ganglion block). In addition, delivering all these therapies in a multidisciplinary approach is important. Therapies such as cognitive, behavioral, and physical therapy should be considered in most patients with chronic neuropathic pain.
Limited data are available to suggest whether a similar approach should be utilized in appropriately selected dry eye patients. One study that evaluated topical analgesics found that one drop of diclofenac decreased discomfort to high-intensity mechanical, chemical, and thermal stimuli (applied with the Belmonte aesthesiometer) in six healthy volunteers. Interestingly, in the same study, flurbiprofen was not found to have a similar effect. 114 This differential effect may be because of the fact that diclofenac, in addition to its antiprostaglandin effects, also acts as a neuronal potassium (including K ATP ) channel opener. 115, 116 Activation of neuronal potassium currents suppresses primary afferent neuronal excitability and firing, and attenuates increased excitatory neurotransmitter release and synaptic transmission, thus resulting in an antiallodynic and antihyperalgesic effect. 115, 117, 118 In a similar manner, gabapentin and pregabalin, modulators of both peripheral central neuronal activity, have been shown to decrease postoperative pain after photorefractive keratectomy in prospective, randomized, placebo-controlled studies. 119, 120 Furthermore, some current dry eye treatments, such as omega 3 and doxycycline (an MMP inhibitor), likely have a direct effect on nerve function along with secondary effects by improving the ocular surface environment. [121] [122] [123] Further studies are needed to assess whether topical and/or centrally acting neuromodulators have a role in the treatment of dry eye patients with features of NOP.
Conclusions
Dry eye has gained recognition as a public health problem given its prevalence, morbidity, and cost implications. Although dry eye was initially thought to be a 'simple' disease of tear dysfunction, exciting new research has revealed that it is a complicated disorder with potentially complex neuropathologic mechanisms.
In fact, what we currently refer to as dry eye likely represents a heterogenous group composed of different disease subtypes with various levels of ocular sensory apparatus dysfunction.
Indeed, it is likely that a subset of dry eye patients have neuropathic pain and central sensitization. These patients are likely to be more resistant to topical therapy directed at optimizing the ocular surface. Differentiating between the different subgroups within dry eye and evaluating for the presence of neuropathic ocular pain will be critical to individualizing the treatment of dry eye.
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